Because tumor necrosis factor-a (TNF-a) expression is increased in adipose tissue of both rodent models of obesity and obese humans, it has been considered as a candidate gene for obesity. Pima Indians were scored for genotypes at three polymorphic dinucleotide repeat loci (markers) near the gene TNF-a at 6p21.3. In a sib-pair linkage analysis, percent body fat, as measured by hydrostatic weighing, was linked (304 sib-pairs, P = 0.002) to the marker closest (10 kb) to TNF-a. The same marker was associated (P = 0.01) by analysis of variance with BMI. To search for possible DNA variants in TNF-a that contribute to obesity, single stranded conformational polymorphism analysis was performed from 20 obese and 20 lean subjects. Primer pairs were designed for the entire TNF-a protein coding region and part of the promoter. Only a single polymorphism located in the promoter region was detected. No association could be demonstrated between alleles at this polymorphism and percent body fat. We conclude that the linkage of TNFa to obesity might be due to a sequence variant undetected in TNF-a or due to a variant in some other closely linked gene (J. Clin. Invest. 1995.96:158-162.)
Introduction
The cytokine TNF-a acting as a modulator of gene expression in adipocytes, is implicated in the development of insulin resistance and obesity. In rats, administration of TNF-a results in elevated levels of serum triglycerides ( 1) . In murine adipocytes, TNF-a is capable of suppressing the expression of adipocyte specific enzymes such as lipoprotein lipase (2) and the enzymes involved in fatty acid biosynthesis (3, 4) . TNF-a has also been associated with obesity in single gene models such as diabetes (db), obese (ob), tubby (tub) in the mouse or fatty (fa) in the rat (5, 6) . In strains homozygous for these mutations, the levels of TNF-a RNA are elevated over the levels in strains that are heterozygous or homozygous normal. In the fa rat, in vivo neutralization by a soluble TNF-a receptor results in decreased insulin resistance (6) .
Human obesity is a complex, multifactorial phenotype and, on the basis of twin studies, is thought to have a strong genetic component (7) . Although it is likely that many genes contribute to obesity, one or more genes may have major influence. Complex segregation analyses of two common measures of obesity, body mass index (BMI)' and percent body fat (percent body fat), have suggested that one or more genes contribute substantially to the development of obesity. For example, a recessive allele is proposed to contribute to high BMIs among a group of families residing in Iowa (8) . Among French-Canadians, a similar single gene effect was discerned for fat mass and percent body fat (9) . Obesity is considerably more prevalent among Pima Indians than among Caucasians (10) . In an effort to uncover a putative major gene that contributes to obesity in Pima, we are screening candidate loci for linkage and association with obesity-related phenotypes. In this study, we report linkage of a marker in the TNF-a region to percent body fat but no associated polymorphism. (14) . In addition, insulin sensitivity was determined by measuring glucose disposal rates during a two-step hyperinsulinemic, euglycemic clamp (15) with insulin infusion rates of 40 and 400 mU/m2 _ min resulting in insulin plasma concentrations of 130 and 2070 1LU/ml, respectively (16) . DNA genotypes in this clinical subgroup were available from 105 nuclear families with at least two offspring. The total number of offspring available for linkage analysis was 403 with the distribution of sibship size as follows: 58 families with 2 sibs; 30 families with 3 sibs; 9 families with 4 sibs; 1 family with 5 sibs; 5 families with 6 sibs; 1 family with 7 sibs; and 1 family with 9
1. Abbreviations used in this paper: BMI, body mass index; NIDDM, non-insulin-dependent diabetes mellitus; RMR, resting metabolic rate; TNF-a, tumor necrosis factor alpha; TNFir24, TNF-,3.ir2/TNF-f3.ir4. linkage analysis. For BMI, the maximum value was selected from all visits at which the individual was not diabetic. Presumably, the measure at this visit more accurately represents the attainable BMI in the absence of NIDDM. BMI was adjusted for the effects of sex and age by multiple linear regression (SAS, Cary, NC). For percent body fat, the average value over all visits was used to minimize inherent experimental errors and adjusted for sex and age; For similar reasons the RMR was averaged over visits and adjusted for sex, fat-free mass, fat mass and age. Fasting plasma insulin concentrations and glucose disposal rates were calculated as described (15) . The phenotypic data were examined for outliers before adjustments or link- (21) to amplify an approximate 150-bp fragment from contiguous regions of the TNF-a coding region and promoter. The TNF-a locus is composed of four exons and the total peptide coding sequence is 699 bases (17) . To maximize our capability to detect base substitutions as mobility shifts, primer pairs were designed to amplify DNA segments in the range of 150-170 base pairs (22) . This strategy resulted in two primer pairs for exon 1, one pair each for exons 2 and 3, 4 pairs for exon 4 and 4 pairs extending into the promoter. All primers were designed to have a similar Tm of 55°C in PCR buffer. Amplifications were performed as described above for genetic markers except that both forward and reverse primers were radioactively labeled. Fragments were resolved on nondenaturing polyacrylamide gels of 1:50 (bis:monomer). Three conditions of electrophoresis were employed for all primer sets: (a) 5% gel, 5% glycerol, room temperature; (b) 5% gel, no glycerol, 5°C; and (c) 5% gel, no glycerol, room temperature. A fourth condition of 5% gel, 5% glycerol, 5°C generally gave poor results but was used on primer sets where resolution of DNA fragments was adequate for comparisons. Gels were run at a power of 8 watts for 5 to 6 h.
Results
Linkage analysis. To permit an estimation of identity by descent (IBD) in families that were not fully informative for marker alleles, marker allele frequencies in the Pima population were estimated in a group of first-degree unrelated Pima (Table H) . Results of sib-pair linkage analysis for quantitative traits are given in Table m. In the clinical subgroup, linkage was suggested by the regression (P = 0.002) for the sib-pair difference in % body fat on IBD at TNFir24. A plot of this sib-pair regression is presented in Fig. 1 . Evidence for linkage was weaker at markers D6S273 and D6S291. In the larger group, there was no evidence for linkage to obesity as estimated from BMI (number of sib-pairs = 874, effective df = 384, P = 0.096).
Several measures relevant to insulin resistance were also examined for evidence of linkage including fasting insulin and glucose disposal at both low and high insulin infusions. Linkage Linkage between Obesity and Tumor Necrosis Factor-a in Pima Indians BMI and body fat were adjusted for the effects of age and sex by linear regression. Associations between BMI and genotypes were assessed by ANOVA; P = 0.01 for BMI and P = 0.27 for percentage body fat.
of family, one full-blooded Pima/Papago sibling was selected from each nuclear family. In addition to the subjects from the nuclear families used for linkage analyses, additional unrelated individuals were included in the sample. Because of the numerous rare alleles at the TNFir24 marker, all alleles other than the two most common (alleles 1 and 4 in Table II) were pooled into a single category resulting in a marker of three alleles. The resulting six genotypes were analyzed for association with both BMI (n = 363) and percent body fat (n = 84). Genotypic differences for BMI and percent body fat are presented in Table  IV . BMI was significantly (P = 0.01) associated with TNFir24 genotypes. This association remained significant when the rare allele homozygotes (n = 8) were removed. Individuals homozygous for the 1 allele had a mean BMI that was higher than individuals homozygous for the 4 allele. Mean percent body fat differences among genotypes tended to be similar to BMI differences (Table IV) , but percent body fat had fewer samples and was not significantly P = 0.14) associated with TNFir24. For the promoter variant, evidence of association with either BMI or percent body fat was not found (data not shown). Because of the near complete association of the 1 allele homozygotes at TNFir24 with the rare allele homozygotes at the promoter variant, percent body fat differences among the promoter site genotypes varied in parallel to those of TNFir24.
Discussion
In this study on a large number of Pima Indians, a marker (TNFir24) located 10 kb from TNF-a was linked to percent body fat. The evidence for linkage to body fat was weaker at markers more distant ( -2 to 3 cM) from TNF-a, although one marker (D6S291) was not very informative in Pima (heterozygosity 0.28) and is expected to have less power to detect linkage. TNFir24 was not linked to BMI even though the number of sib-pairs was nearly three times greater than in the group on which the linkage analysis of percent body fat was done. It is now generally recognized, however, that BMI and percent body fat, although correlated (r2 = 0.64 in our sample of Pima siblings), cannot be interchanged to estimate obesity since BMI reflects not only fat mass but also lean body mass (9) . Both BMI and percent body fat varied among certain TNFir24 genotypes although the percent body fat variation was not significant. Presumably, TNF-a and TNFir24 are in linkage disequilibrium and the association of TNFir24 with BMI supports a role for TNFa in obesity.
Despite the linkage to percent body fat, a TNF-a polymorphism associated with body fatness was not found. The lack of polymorphism, however, does not rule out a role for TNF-a in obesity. First, even though optimized, the method of SSCP may not uncover all genetic variants. Second, a variant in the extensive regulatory region flanking TNF-a could alter expression and result in the observed linkage to body fat. - One report has shown this region to contain endotoxin responsive sequences that affect the production of TNF-a protein at the translational level (25) . It is conceivable that a polymorphism in this region may affect the expression of TNF-a and in turn influence body composition.
Additionally, the reported linkage does not indicate that the variant must reside at TNF-a. Although linkage disequilibrium of this gene and TNFir24 should increase the power to detect linkage in this region (26) , sib-pair linkage does not provide mapping information (27) . Linkage may be due to a flanking gene. TNF-beta (28) and the newer lymphotoxin-,B (29) are located immediately adjacent to TNF-a. Presently, it is not clear how these could be considered as candidate genes for obesity. TNF-a is located between the Class Ill and Class I gene clusters within the major histocompatibility complex (30, 31) which cannot be excluded as a cause of the observed linkage. The Class III region is separated from TNF-a by approximately 400 kb and includes numerous genes, many of which have unknown function (32) . Nor can we exclude genes in the HLA region which borders the telomeric side of TNF-a and TNF-I3 by -250 bp (15, 28, 29) . New transcripts have recently been uncovered in this region (33) , including a large 9.5-kb mRNA that directly flanks the TNF region. It is unclear, at this point, if any genes in this region could be candidates for obesity. There is a reported association of HLA types with BMI among subjects of the Framingham Heart Study (34) .
We have selected TNF-a, a candidate gene for obesity in Pima, mainly because of the reported overexpression of TNFa mRNA in adipose tissue of rodents that are genetic models for insulin resistance and associated obesity (6) . In addition, the levels of TNF-a mRNA and protein in the adipose tissue of obese human subjects were found to be 2.5 times higher than the levels in lean controls and highly correlated with fasting insulin concentration (35).
None of these studies implicate TNF-a as the primary defect. Its elevated expression is one reaction to a cascade of effects brought about by unknown causes. It is conceivable, however, that a genetic variant, as yet undetected, in or near TNF-a could result in modified activity or production at either the protein or message RNA level and, thus, contribute to the prevalence of obesity and insulin resistance among Pima Indians. This view would also include as candidates the two known receptors, TNF RI and TNF R2 (36) , the latter of which is upregulated in response to elevated TNF-a (37).
